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Abstract
Sucrose nonfermenting-1 (SNF1)-related protein kinases (SnRKs) form a major family of signalling proteins in plants
and have been associated with metabolic regulation and stress responses. They comprise three subfamilies: SnRK1,
SnRK2, and SnRK3. SnRK1 plays a major role in the regulation of carbon metabolism and energy status, while
SnRKs 2 and 3 have been implicated in stress and abscisic acid (ABA)-mediated signalling pathways. The
burgeoning and divergence of this family of protein kinases in plants may have occurred to enable cross-talk
between metabolic and stress signalling, and ABA-response-element-binding proteins (AREBPs), a family of
transcription factors, have been shown to be substrates for members of all three subfamilies. In this study, levels of
SnRK1 protein were shown to decline dramatically in wheat roots in response to ABA treatment, although the
amount of phosphorylated (active) SnRK1 remained constant. Multiple SnRK2-type protein kinases were detectable
in the root extracts and showed differential responses to ABA treatment. They included a 42 kDa protein that
appeared to reduce in response to 3 h of ABA treatment but to recover after longer treatment. There was a clear
increase in phosphorylation of this SnRK2 in response to the ABA treatment. Fractions containing this 42 kDa SnRK2
were shown to phosphorylate synthetic peptides with amino acid sequences based on those of conserved
phosphorylation sites in AREBPs. The activity increased 8-fold with the addition of calcium chloride, indicating that it
is calcium-dependent. The activity assigned to the 42 kDa SnRK2 also phosphorylated a heterologously expressed
wheat AREBP.
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Introduction
Sucrose nonfermenting-1 (SNF1)-related protein kinases
(SnRKs) form a major family of signalling proteins in
plants and have been associated with metabolic regulation
and stress responses (Halford and Hey, 2009; Hey et al.,
2010). SnRKs have been grouped into three subfamilies:
SnRK1, SnRK2, and SnRK3 (Halford, 2006). SnRK1, the
homologue of adenosine monophosphate-activated protein
kinase (AMPK) from mammals and SNF1 from yeast, has
been implicated in the regulation of carbon metabolism and
energy status (Halford and Hey, 2009; Smeekens et al.,2 0 1 0 ).
It controls metabolism at multiple levels; for example, it
phosphorylates enzymes such as 3-hydroxy-3-methylglutaryl-
Abbreviations: SNF1, sucrose non-fermenting-1; SnRK, SNF1-related protein kinase; AMPK, adenosine monophosphate-activated protein kinase; ABA, abscisic acid;
AREBP, ABA-response-element-binding protein; HMG-CoA reductase, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; PP2C, protein phosphataset y p e2 C ;
CDPK, calcium-dependent protein kinase; CRK, CDPK-related protein kinase; CBL, calcineurin B-like protein; ABI, ABA-insensitive; DTT, dithiothreitol; EDTA,
ethylenediaminetetra-acetic acid; EGTA, ethylene glycol tetra-acetic acid; PMSF, phenylmethylsulphonyl ﬂuoride; PVDF, polyvinylidene ﬂuoride; REK, rice endosperm
kinase.
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phosphate synthase, leading to their inactivation. It also
phosphorylates nitrate reductase, trehalose-phosphate syn-
thase, and 6-phosphofructo-2-kinase/fructose-2,6-bisphos-
phatase, but these enzymes also require the binding of
a 14-3-3 protein for inactivation (reviewed by Halford and
Hey, 2009). Another key metabolic enzyme in plants,
adenosine diphosphate (ADP)-glucose pyrophosphorylase, is
regulated by SnRK1 through modulation of its redox
state (Tiessen et al.,2 0 0 3 ). In addition, SnRK1 causes
changes in gene expression in response to nutrient starvation
(Baena-Gonza ´lez et al.,2 0 0 7 ) and, paradoxically, sucrose
(Purcell et al.,1 9 9 8 ; McKibbin et al.,2 0 0 6 ).
The other two SnRK subfamilies, SnRK2 and SnRK3,
do not have any counterpart in fungal or animal cells
(Halford and Hey, 2009). They both comprise relatively
large gene families, with 10 SnRK2 genes described in
Arabidopsis (Arabidopsis thaliana) and rice (Oryza sativa)
(Boudsocq et al., 2004; Kobayashi et al., 2004)a n d2 5
SnRK3 genes described in Arabidopsis (Halford and Hey,
2009). There is now convincing evidence to associate
SnRK2 and SnRK3 with responses to abiotic stresses such
as drought, salinity, cold, and osmotic stress (Hey et al.,
2010). For example, a SnRK3 family member, SOS2 (salt
overly sensitive 2), is involved in phosphorylating and
activating SOS1, a Na
+/H
+ antiporter, in order to maintain
ion homeostasis (Guo et al., 2002; Qiu et al., 2002).
A number of SnRK2 family members have been shown to
be directly up-regulated and activated by osmotic stress and
some but not all of these are also activated by abscisic acid
(ABA). The fact that not all osmotic stress-regulated
SnRK2s are also activated by ABA indicates that activation
of SnRK2 in response to osmotic stress and ABA involves
different mechanisms (Boudsocq et al., 2004, 2007; Kobayashi
et al., 2004). Recent evidence from Arabidopsis shows that
these mechanisms involve different patterns of phosphory-
lation at two serine residues in the activation loop.
SnRK2.6, for example, which is an ABA- and osmotic
stress-induced kinase, is phosphorylated independently on
both of these residues, while for SnRK2.10, which is
induced by osmotic stress but not ABA, phosphorylation
of one site is required for phosphorylation of the other
(Vlad et al., 2010).
Recent studies have shown SnRK2s to be integral
components of ABA signalling. Firstly, protein phospha-
tases type 2C (PP2C) were shown to be negative regulators
of ABA signalling and to be involved in SnRK2
inactivation (Gosti et al., 1999; Kuhn et al.,2 0 0 6 ). Yeast
two-hybrid interactions were described between different
PP2Cs and SnRK2 (Cutler et al.,2 0 1 0 ) and further work
demonstrated that, in the absence of ABA, PP2C inacti-
vated SnRK2 by direct dephosphorylation of one of the
serine residues in the activation loop (Umezawa et al.,
2009). The elucidation of ABA signalling mechanisms then
advanced signiﬁcantly with the identiﬁcation of a family
of proteins named PYR/PYL/RCAR as ABA receptors
(Nishimura et al.,2 0 1 0 ). In the presence of ABA, PYR/
PYL/RCARs were shown to bind to and inhibit PP2Cs,
allowing the accumulation of active SnRK2s and sub-
sequent phosphorylation of ABA-response-element-binding
proteins (AREBPs) (Cutler et al., 2010). AREBPs (also
known as ABFs) are a family of basic leucine zipper (bZIP)
transcription factors that have been known for some time to
be substrates for SnRK2 (Kobayashi et al., 2005; Furihata
et al., 2006). They recognize the G-box-binding sites known
as ABA-response elements present in some ABA-regulated
genes (Cutler et al., 2010).
AREBPs also have two potential target sites for
phosphorylation by SnRK1 that are conserved throughout
the Arabidopsis AREBP family and in all of the AREBPs
that have been identiﬁed so far in other species (Zhang
et al.,2 0 0 8 ). Peptides with amino acid sequences based on
t h e s es i t e sh a v eb e e ns h o w nt ob ep h o s p h o r y l a t e db y
puriﬁed SnRK1 and by an activity in crude Arabidopsis
extracts that is precipitated with SnRK1 antiserum.
Furthermore, transgenic Arabidopsis plants over-expressing
SnRK1 have been shown to have an ABA-hypersensitive
phenotype (Jossier et al., 2009). Arabidopsis extracts also
contain a calcium-dependent activity that phosphorylates
the AREBP-derived peptides but which does not phos-
phorylate the AMARA peptide, which is an excellent
substrate for SnRK1 and SnRK2. This activity has been
tentatively assigned to SnRK3, which is believed to be
calcium-dependent, although the involvement of ‘classic’
calcium-dependent protein kinases (CDPKs) cannot be
ruled out (Zhang et al.,2 0 0 8 ).
These results suggest that AREBPs could be convergence
points for multiple signalling pathways involving all three
SnRK subfamilies and possibly CDPKs as well, placing
them at the interface between metabolic and stress signal-
ling networks (Halford and Hey, 2009; Hey et al., 2010).
They also add to the evidence showing calcium to be an
important second messenger during ABA signalling.
CDPKs are positive regulators of ABA signalling and have
been shown to phosphorylate some AREBPs to stimulate
gene expression (Choi et al., 2005; Zhu et al., 2007). These
protein kinases are activated directly by calcium, but plants
contain additional calcium sensors (Boudsocq and Sheen,
2010), including calcineurin B-like proteins (CBL). SnRK3s
have been shown to interact with CBLs, and are sometimes
referred to as CBL-interacting protein kinases (CIPKs).
Two SnRK3s (CIPK15 and CIPK3) have been shown to be
negative regulators of ABA signalling (Guo et al., 2002),
and SnRK3s have also been shown to interact with ABA-
insensitive (ABI) 1 and ABI2, which are also negative
regulators of ABA signalling (Zhu et al., 2007).
Their integral role in metabolic and stress signalling
pathways makes the transfer of research on SnRKs from
Arabidopsis to crop plants particularly important, and this
study focuses on wheat (Triticum aestivum). There has been
some previous work on SnRKs in this species; for example,
transient antisense expression of a SnRK1 gene has been
shown to repress the activity of an a-amylase gene (a-Amy2)
promoter after cobombardment into cultured wheat em-
bryos (Laurie et al., 2003). In addition, several SnRK2s
have been identiﬁed in wheat. PKABA1, for example, was
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(Anderberg and Walker-Simmons, 1992). It has a predicted
molecular weight of 38 kDa and is up-regulated at the
transcript level by osmotic, dehydration, and cold treat-
ments in root, shoot and scutellar tissue (Holappa and
Walker-Simmons, 1995). PKABA1 appears to be involved
in antagonizing gibberellic acid-induced gene expression,
down-regulating, for example, a-amylase genes in the barley
(Hordeum vulgare) aleurone layer, and in the up-regulation
of genes in response to ABA (Gomez-Cadenas et al., 1999;
Johnson et al.,2 0 0 8 ). TaABF, a wheat seed AREBP, has
been shown to interact with PKABA1, and PKABA1 will
phosphorylate three peptides with amino acid sequences
corresponding to putative phosphorylation sites in TaABF
(Johnson et al., 2002).
Another wheat SnRK2-encoding gene, TaSnRK2.4, is up-
regulated by ABA, NaCl, polyethylene glycol, and low
temperatures in seedling roots (Mao et al.,2 0 1 0 ), while
another, W55a, is expressed in leaves of seedlings treated with
ABA or salt, or subjected to drought (Xu et al.,2 0 0 9 ).
TaSnRK2.7 is also reported to be involved in abiotic stress
responses (Zhang et al., 2011a), while TaSnRK2.8 has been
shown to enhance tolerance to drought, salt, and low-
temperature stress when over-expressed in Arabidopsis
(Zhang et al., 2010). SnRK2, like SnRK1, has also been
proposed to be involved in sucrose signalling in wheat (Zhang
et al.,2 0 1 1 b). Establishing the degree of functional redun-
dancy between the different SnRK2s will be challenging.
In this study, the interactions between ABA, SnRK1 and
SnRK2 were investigated in wheat and contrasting effects
of ABA on SnRK1 and SnRK2 protein levels and
phosphorylation state were shown in wheat roots. A 42
kDa SnRK2 that was present in wheat roots was shown to
phosphorylate a heterologously expressed wheat AREBP
considerably more efﬁciently than SnRK1. Unusually for
a SnRK2, evidence was obtained to show this protein
kinase to be activated by Ca
2+.
Materials and methods
Biological materials and ABA treatments
Wheat (T. aestivum) cultivar Consort was germinated on wet paper
towels. After germination, seedlings were transferred to pots
containing perlite and allowed to grow for another 5 d under
natural photoperiod (10 h light/14 h dark) at 16  C. ABA
treatments were performed by adding the hormone to the
irrigation water at a ﬁnal concentration of 50 lM. Samples were
taken and frozen in liquid nitrogen until use.
Extraction of crude protein
Total soluble protein was extracted in ice-cold homogenization
buffer [100 mM Tricine/NaOH, 5 mM dithiothreitol (DTT), 0.5
mM ethylene glycol tetra-acetic acid (EGTA), 0.5 mM ethyl-
enediaminetetra-acetic acid (EDTA), and 1 mM benzamidine, pH
8.0]. Immediately before homogenization, phenylmethylsulphonyl
ﬂuoride (PMSF; 1 mM ﬁnal concentration), 13 protease inhibitor
cocktail (Calbiochem), phosphatase inhibitors (50 mM sodium
ﬂuoride, 25 mM b-glycerolphosphate, 10 mM sodium pyro-
phosphate and 2 mM sodium orthovanadate) and insoluble
polyvinylpyrrolidone (2% w/v) were added. The homogenate was
transferred to precooled microfuge tubes and insoluble material
was removed by centrifugation (13 000 g)a t4 C for 20 min. The
crude extract was placed into aliquots, frozen in liquid nitrogen,
and stored at  80  C. Determination of protein concentration was
as described by Bradford (1976).
Antisera and western blot analysis
Antiserum that had been raised against a peptide from the
catalytic domain of SnRK1 (Fragoso et al., 2009) was used in
some of the experiments. Antiserum was also raised to a peptide
from a highly conserved region in SnRK2 (GYSKSSLLHSQ-
PKST); this antiserum was raised in rabbits and afﬁnity-puriﬁed
by Eurogentec, Seraing, Belgium. A polyclonal antibody against
the phospho-Thr-172 (P-Thr-172) present in the T-loop of AMPK
was purchased from Cell Signalling (Danvers, MA, USA). For
western blot analysis, 20 lg of protein was separated in 10%
Novex NuPAGE BIS-TRIS gels (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. Protein transfer onto
polyvinylidene ﬂuoride (PVDF) membranes was conducted in an
XCell II Blot module (Invitrogen) according to the manufacturer’s
instructions. Proteins were detected using an ECL Western Blot
Detection Kit (GE Healthcare). Peptide blocking of the SnRK2
antibody reaction was achieved by pretreating the antiserum with
50 lg of the GYSKSSLLHSQPKST peptide.
Isolation of phosphoproteins
Phosphorylated proteins from roots after 10 h of ABA treatment
were isolated using a Phosphoprotein Puriﬁcation Kit (Qiagen),
following the manufacturer’s instructions. After elution, fractions
were concentrated using a Nanosep ultraﬁltration column. West-
ern blot analyses using the phosphoproteins were performed as
described above.
Peptide phosphorylation assays
Peptides were synthesized by Biomol International (Exeter, UK):
the peptides were AMARA (AMARAASAAALARRR) (Sugden
et al., 1999b), AREBP1 (SLGRQSSIYSLTRRR), and AREBP2
(TLPRTLSQKTVDRRR) (Zhang et al., 2008). Assays were
conducted in wells of 8312 microtitre plates, each in a total
volume of 25 ll, at 30  C. The reaction mixture for each assay
contained 40 mM HEPES, pH 7.5, 5 mM MgCl2, 200 lM ATP
containing 12.5 kBq [c-
33P]ATP (GE Healthcare), 200 lM peptide
substrate, 4 mM DTT, 0.5 lM okadaic acid, and 13 protease
inhibitor cocktail; the assay was initiated by addition of the extract
containing the protein kinase. After 6 min, a 15 ll aliquot of the
reaction mixture was transferred to a square (232 cm) of
phosphocellulose paper (Whatman P81; Whatman, Maidstone,
Kent, UK), which was immediately immersed in 1% (v/v)
phosphoric acid. The papers were washed with three 800 ml
batches of 1% (v/v) phosphoric acid, followed by acetone, and
placed onto paper towels to dry. Incorporation of
33P was
quantiﬁed by liquid scintillation counting (Packard Tri-Carb 2100;
Perkin Elmer, Waltham, MA, USA), following immersion of each
paper square in scintillation cocktail (Ultima Gold Cocktail,
Perkin Elmer). For calcium-dependent activity, 1 mM CaCl2 was
included in the reaction mix.
In vitro phosphorylation of wheat AREBP (TaAREBP) and HMG-
CoA reductase
The reaction mixture for each assay contained 40 mM HEPES, pH
7.5 (NaOH), 5 mM MgCl2, 200 lM ATP containing 2 lCi
[c-
32P]ATP (3000 Ci mmol
 1; GE Healthcare), 2 lg of substrate
(recombinant TaAREBP protein or HMG-CoA reductase; Sigma),
4 mM DTT, 0.5 lM okadaic acid, 13 protease inhibitor cocktail in
a total volume of 20 ll. The reaction was initiated by addition of
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at 30  C. The reaction was stopped with 5 llo f4 3 gel loading
buffer. Proteins were heated at 70  C for 5 min and loaded onto
a 4–12% gradient Novex NuPAGE BIS-TRIS gel. Electrophoresis
was carried out according to the manufacturer’s instructions. The
proteins were transferred onto PVDF membranes using an XCell
II Blot module according to manufacturer’s instructions. Radio-
labelled proteins were detected by autoradiography at  80  C
using X-ray ﬁlm (Kodak Biomax MR; Sigma).
Partial separation of SnRK1 and SnRK2
Wheat seedlings were grown and treated with ABA for 10 h as
described above. Roots and leaves were separated, frozen in liquid
nitrogen and stored at  80  C. Root tissue (26 g) from control and
ABA-treated plants was homogenized with 70 ml of buffer
containing 50 mM Tricine, pH 8.0, 50 mM NaF, 1 mM EDTA,
1 mM EGTA, 1 mM DTT, 0.1 mM benzamidine, 0.1 mM PMSF,
0.02% Brij 35, 10% glycerol, and 100 mM NaCl. All the steps were
performed at 4  C. The homogenate was centrifuged at 10 000 g
for 30 min. Supernatant was precipitated with 50% ammonium
sulphate and stirred for 1 h at 4  C. Proteins were sedimented by
centrifugation at 10 000 g for 30 min. The pellet was resuspended
in 1.5 ml of extraction buffer, passed through a 0.45 lm ﬁlter and
frozen in liquid nitrogen until use. An aliquot (1 ml) of the ﬁltered
extract was applied to a Sephacryl 200 column (5031.6 cm),
equilibrated and calibrated in the extraction buffer. The column
was run at 0.3 ml min
 1 and 1 ml fractions were collected and
assayed for AMARA, AREBP1, and AREBP2 kinase activities in
the presence or absence of 1 mM CaCl2. The column was
calibrated using alcohol dehydrogenase (150 kDa), albumin (66
kDa), and carbonic anhydrase (29 kDa) (Sigma).
Further separation of the putative calcium-dependent SnRK2
from other activities was achieved by pooling the activity
from a Sephacryl column and loading it onto a Mono Q column
(HR 5/5; Pharmacia). The column was equilibrated with buffer
A (50 mM Tricine, pH 8.0, 50 mM NaF, 1 mM EDTA, 1 mM
EGTA, 1 mM DTT, 1 mM benzamidine, 1 mM PMSF, 10%
glycerol, and 50 mM NaCl) and non-binding protein was washed
using the same buffer. Binding protein was then eluted using
a linear gradient from 50 to 500 mM NaCl in the same buffer.
Fractions with activity were identiﬁed using AREBP1 as substrate.
Molecular cloning and heterologous expression of a wheat AREBP
(TaAREBP)
Frozen plants (100 mg) were ground into a ﬁne powder under
liquid nitrogen. RNA was extracted using the RNeasy Plant RNA
Mini Kit (Qiagen) following the manufacturer’s instructions.
cDNA synthesis was performed using a RETROscript Kit
(Ambion) according to manufacturer’s instructions. Primers for
amplifying AREBP cDNA from wheat were designed based on the
published nucleotide sequences of three wheat cDNAs (Kobayashi
et al., 2008):
Forward: 5#-ATGGACTTCAGGAGCAGCAACGGC-3#
Reverse: 5#-TCACCAGGGGCCGGTCAACGTTCT-3#
PCR reactions were performed in a 20 ll total volume
containing 1 ll wheat cDNA template, 0.1 ll 100 lM forward and
reverse primers, 0.2 units Phusion DNA polymerase (Finnzymes),
0.4 ll 10 mM dNTP mix, and 4 ll5 3 Phusion HF buffer. The
reaction tubes were placed in an Eppendorf Mastercycler using
a 60–80  C temperature gradient to establish optimal conditions.
PCR products were initially cloned in the pGEM-T Easy vector
(Promega UK, Southampton, UK) but for heterologous expres-
sion and puriﬁcation of the wheat AREBP the PCR product was
subcloned into the pET28 vector so that the protein would have
a6 3 His tag at the N-terminal end. Protein expression was
performed in the protease-deﬁcient Escherichia coli host strain
BL21 and puriﬁcation of the wheat AREBP in its native
conformation was performed using the Ni-NTA Spin Kit (Qiagen)
following the manufacturer’s instructions.
Results
SnRK1 and SnRK2 are differentially regulated by ABA in
wheat roots
Western analysis was used to determine the amount of
SnRK1 protein in extracts from roots of wheat plants
treated with 50 lM ABA for 3, 6, and 10 h, using an
antibody against a peptide from the protein kinase catalytic
domain of SnRK1 (Fragoso et al., 2009). The results
showed that the amount of SnRK1 protein decreased
dramatically after 10 h of ABA treatment (Fig. 1A, left-
hand panel). No such reduction was seen in untreated roots
(Fig. 1A, right-hand panel). SnRK1 is activated by phos-
phorylation at a threonine residue in the so-called T-loop
(Sugden et al., 1999a), equivalent to Thr-172 of its
mammalian homologue, AMPK, and when the relative
amount of phosphorylated (activated) SnRK1 protein in
the treated roots was determined using an antibody that
speciﬁcally recognizes the phosphorylated form of the
protein kinase (the P-Thr-172 antibody) there was little
difference between the extracts from control plants and
those from plants treated with ABA (Fig. 1B).
Fig. 1. Regulation of SnRK1 during ABA treatment. (A) Left-hand
panel: proteins isolated from a time-course of ABA-treated and
control (untreated) roots were fractionated on a 10% Novex
NuPAGE BIS-TRIS gel and transferred to PVDF membranes.
SnRK1 was detected by western blot using a speciﬁc antibody.
Right-hand panel: Western blot analysis of proteins from untreated
roots after 6 h and 10 h. C, control. (B) Western blot analysis of
phosphorylated SnRK1 detected using an antibody raised against
the P-Thr-172 from mammalian AMPK. (C) AMARA peptide kinase
activity in protein extracts from a time-course of ABA-treated and
control (untreated) roots.
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measured using the AMARA peptide as a substrate it was
found to have increased as a result of 6 h of ABA treatment
and to have increased further after 10 h of treatment (Fig. 1C).
In other words, despite the dramatic reduction in total
SnRK1 protein, the amount of active SnRK1 remained the
same and AMARA peptide kinase activity actually in-
creased. Note that recognition of the phosphorylated form
of SnRK1 by the P-Thr-172 antibody was ﬁrst demon-
strated in spinach (Sugden et al., 1999a). The amino acid
sequences of the T-loop regions of spinach and wheat
SnRK1 are aligned in Fig. 2 along with those of Arabidopsis
SnRK1, human AMPK, and yeast (Saccharomyces cerevisiae)
SNF1: the sequences are all extremely similar and those of
wheat, spinach, and Arabidopsis are identical.
The AMARA peptide is regarded as a speciﬁc substrate
for SnRK1 and SnRK2 (Sugden et al., 1999b; Zhang et al.,
2008). The approximate doubling of AMARA peptide
kinase activity in the absence of a clear increase in the levels
of activated SnRK1 and the ﬁndings of studies that have
revealed a direct connection between ABA signal trans-
duction and SnRK2 family members therefore prompted
an investigation of SnRK2. Antiserum was raised against
a peptide with amino acid sequence GYSKSSLLHSQPKST,
corresponding to a conserved region in the catalytic domain
of SnRK2. A BLAST search (conducted on 27 January
2011) of the non-redundant protein sequence database using
the National Centre for Biotechnology Information (NCBI)
portal, with default settings, matched this sequence with
approximately 200 plant SnRK2-type protein kinase sequen-
ces in the database. The list of 1000 best matches contained
no other sequences with fewer than four mismatches and no
other protein kinases. In western analyses, this antiserum
recognized two proteins, of 38 and 42 kDa, in the control
roots (Fig. 3A); this was consistent with the predicted size
for SnRK2-type protein kinases, which in Arabidopsis ranges
from 38 to 42 kDa (Hrabak et al., 2003). The reaction of the
antiserum with this protein was completely blocked by
pretreatment with the GYSKSSLLHSQPKST peptide. The
amount of the 42 kDa protein appeared to decline in
response to 3 h of ABA treatment but to recover to the
levels in the controls after 6 and 10 h of treatment (Fig. 3B),
whereas the 38 kDa protein was unchanged. A third protein,
of approximately 34 kDa, appeared after 3 h of treatment
but disappeared after 6 and 10 h (Fig. 3B).
Like SnRK1, SnRK2 is activated by phosphorylation.
Phosphoproteins were therefore puriﬁed from the extracts
of control roots and roots that had been treated with ABA
for 10 h and western blot analysis was performed on the
total proteins and phosphoprotein fractions using the anti-
SnRK2 antibody (Fig. 3C). This analysis conﬁrmed that the
levels of the 42 and 38 kDa proteins detected by the
antibody in the total protein fractions were not affected by
the treatment. However, the 42 kDa protein was clearly
present in the phosphoprotein-enriched fraction of the
ABA-treated roots, while there was only a trace in the
phosphoprotein-enriched fraction of the untreated roots.
Fig. 2. Alignment of the amino acid residues in the regulatory
T-loop region of human AMPK (GenBank accession no.
AAB32732), yeast (S. cerevisiae) protein kinase SNF1 ( M13971),
and SnRK1 from wheat (AJ431365), Arabidopsis (M93023), and
spinach (Crawford et al., 2001). The P-Thr-172 antibody recog-
nizes the phosphorylated forms of AMPK, SNF1, and SnRK1
(Sugden et al., 1999b). The phosphorylated threonine residue is
indicated with an arrow.
Fig. 3. Regulation of SnRK2 during ABA treatment. (A) Western
blot analysis of proteins extracted from wheat roots. SnRK2
proteins were detected using an antibody raised to peptide
GYSKSSLLHSQPKST (top panel, left). An identical blot was
incubated with the antiserum after the antiserum had been pre-
treated with an excess of the peptide (top panel, Blocked).
A stained gel of the protein extracts is shown in the lower panel.
(B) Western blot analysis showing SnRK2 in proteins extracted
from wheat roots treated with no ABA (Control) or with ABA for 3,
6 or 10 h. (C) Western blot analysis showing SnRK2 in proteins
extracted from control roots and roots treated for 10 h with ABA.
Left-hand panel, crude extracts; right-hand panel, phosphoprotein
fraction.
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phosphoprotein-enriched fractions.
Evidence that the 42 kDa SnRK2 is calcium-dependent
and that it phosphorylates AREBP1 and AREBP2
peptides
It has been demonstrated that SnRK2 plays an integral role
in ABA signalling by phosphorylating some of the AREBPs
that are responsible for ABA-induced transcription
(Kobayashi et al., 2005). To test whether the 42 kDa
SnRK2 that was activated in wheat roots in response to
ABA could be involved in AREBP regulation, two peptides,
AREBP1 and 2, were tested as substrates for the protein
kinase. These peptides contain target sites for SnRK1 and 2
that are conserved in AREBPs from plant species including
Arabidopsis, wheat, barley, and rice and had been shown
previously to be substrates for both SnRK1 and SnRK2 in
Arabidopsis extracts, and for highly puriﬁed SnRK1 from
spinach (Spinacea oleracea)( Zhang et al., 2008).
Using the AREBP1 peptide as a substrate with crude
protein obtained from control and ABA-treated roots, less
activity was found than with the AMARA peptide as
substrate (Fig. 4), and there was no indication of an
increase in phosphorylation of the AREBP1 peptide in
response to ABA treatment, while phosphorylation of
AMARA increased as before. To investigate further,
a partial fractionation through a Sephacryl S-200 column
was performed to separate SnRK1 from SnRK2. Loading
the same amount of protein obtained from the control and
10 h ABA-treated roots, 1 ml fractions were collected and
assayed for AMARA, AREBP1, and AREBP2 phosphory-
lation activity. The proﬁle of activity obtained for untreated
roots is shown in Fig. 5A. The main peak of activity for all
three peptides was around 150 kDa, which is consistent with
the approximate size of heterotrimeric SnRK1. This was
conﬁrmed by western blot analysis of the fractions (Fig. 5C),
which showed that SnRK1 antiserum reacted with an
approximately 58 kDa protein in these fractions; the
predicted size of the catalytic subunit of SnRK1 is 58 kDa.
There appeared to be more protein in slightly higher-
molecular-mass fractions than the fractions with most
activity. This may indicate that inactive protein was
complexed with different interacting factors than active
protein. Consistent with this was the observation that ABA
reduced the amount of protein in the higher but not the
lower-molecular-mass fractions containing this activity (Fig.
5C and F, fractions 41–45). The ‘preferred’ substrate for
this activity was AMARA, followed by AREBP2 and
AREBP1. There was a smaller peak of activity in lower-
molecular-mass fractions. The preferred substrate for this
activity was AREBP2, followed by AREBP1 and AMARA.
Surprisingly, when protein extracted from ABA-treated
roots was used, the proﬁle of activity did not change
(Fig. 5D). However, when CaCl2 was added to the reactions
to a concentration of 1 mM a different picture emerged. In
both control (untreated) and ABA-treated roots (Fig. 5B
and E, respectively) the high-molecular-mass fractions had
higher activity towards both AREBP1 and AREBP2, while
activity towards the AMARA peptide did not change. This
indicated that SnRK1 activity did not change but that these
fractions also contained a calcium-dependent protein kinase
that preferred the AREBP peptides as substrates. In a pre-
vious study a calcium-dependent activity in Arabidopsis
seedlings that phosphorylated AREBP1 and 2 but not
AMARA was tentatively assigned to a SnRK3-type protein
kinase (Zhang et al., 2008) and it is possible that a SnRK3
was responsible for the calcium-dependant activity in these
fractions from wheat roots. This activity did not appear to
be affected by ABA treatment. However, the activity peak
in the lower-molecular-mass fractions showed a dramatic
(eight-fold) increase when Ca
2+ was present and the
AREBP peptides were used as substrates. Furthermore, the
activity was higher in the extracts from ABA-treated roots:
the total activity from fractions 49–56 was 1760 nmol min
 1
mg
 1 for the control and 2230 nmol min
 1 mg
 1 for the
ABA samples, a difference of almost 30% (Fig. 5B and E).
Western blot analysis with the SnRK2 antiserum showed
the presence of the 42 kDa SnRK2 in the fractions
containing this calcium-dependent activity (Fig. 5C and F).
In this peak, there appeared to be more protein in slightly
lower-molecular-mass fractions than the fractions with most
activity, again possibly indicating that active and inactive
protein was complexed with different interacting factors.
The 38 kDa SnRK2 was also detected by the antiserum but
not until fraction 55.
This represented strong immunological evidence that the
42 kDa SnRK2 was responsible for the major calcium-
dependent activity in the extracts. The possibility that
another protein kinase could have been copuriﬁed with the
42 kDa SnRK2 and be responsible for the calcium-
dependent activity in the fractions was considered. However,
the other possible candidates—SnRK3, CDPKs and CDPK-
related protein kinases (CRKs)—are all larger than 42 kDa.
In Arabidopsis, CDPKs range from 54 to 68 kDa and CRKs
from 64 to 68 kDa (Hrabak et al., 2003). SnRK3s may be
Fig. 4. Activity of SnRK1 measured using AMARA and AREBP1
peptides. Proteins obtained from control and 10 h ABA-treated
roots were used to measure the kinase activity with the AMARA
and AREBP1 peptides as substrates. Bars represent means 6SD
(n¼3).
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et al. (2003), for example, reported the size of SnRK3.17,
accession number At2g26980, as 43 kDa, but the most
recent GenBank database entry gives a predicted size of 50
kDa. The smallest SnRK3 in the GenBank database now is
SnRK3.4 at 46 kDa but this too is derived from genome
nucleotide sequence data with no further experimental
conﬁrmation of the protein’s size. The other SnRK3s range
from 48 to 58 kDa. As an additional check, the activity was
pooled and loaded onto a Mono Q column. The activity
that was recovered in fractions from this column was
measured using the AREBP2 peptide as substrate and is
shown in Fig. 6A. Some of the activity and protein was lost
in this step, but Western blot analysis of the sample before
loading onto the column and of the protein eluted in the
fraction containing the highest activity conﬁrmed the
presence of the 42 kDa SnRK2 (Fig. 6B). The 38 kDa
SnRK2 was not detectable in this fraction at all. The
activity was completely eradicated by the addition of EGTA
to chelate the Ca
2+.
Phosphorylation of a heterologously expressed wheat
AREBP by the 42 kDa calcium-dependent SnRK2
Evidence of the involvement of the calcium-dependent
activity assigned to the 42 kDa SnRK2 in ABA signalling
Fig. 5. Proﬁle of activity of proteins isolated from ABA-treated (10 h) and untreated roots after fractionation through a Sephacryl S-200
column and western blot analysis evaluating the presence of SnRK1 and SnRK2 in fractions from the column. Activity was evaluated
using AMARA, AREBP1, and AREBP2 as substrates in the absence or presence of 1 mM CaCl2. SnRK1 antiserum was raised against
a peptide from the catalytic domain of SnRK1 (Fragoso et al., 2009) while SnRK2 antiserum was raised to a peptide from a highly
conserved region in SnRK2. (A) Activity proﬁle of proteins from ABA-untreated roots, no calcium added. (B) As for (A) with calcium
added. (C) Western blot analysis evaluating the presence of SnRK1 and SnRK2 in ABA-untreated roots. (D) Activity proﬁle of proteins
from ABA-treated roots, no calcium added. (E) As (D) with calcium added. (F) Western blot analysis evaluating the presence of SnRK1
and SnRK2 in ABA-treated roots. The 42 kDa SnRK2 is indicated with an arrow. Fraction numbers are indicated and the positions of 39
and 64 kDa molecular-mass markers are shown in (C) and (F).
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a heterologously expressed AREBP from wheat. Primers
from a conserved region of three wheat AREBPs described
previously (Kobayashi et al., 2008) were designed and used
to amplify by gradient reverse transcriptase PCR a 1200 bp
product using wheat seedling RNA as template. The
nucleotide and derived amino acid sequence of the
complete PCR product showed 100% identity with Wabi5-3
(Kobayashi et al., 2008). Note that ABI5 is probably the
best-characterized of the Arabidopsis AREBPs; it gets its
name from the ability of null mutants lacking the ABI5
protein to germinate in the presence of concentrations of
ABA that prevent germination of wild-type Arabidopsis
(Finkelstein, 1994). However, ABI5 is only one of at least
14 AREBPs in Arabidopsis (Zhang et al., 2008) that show
differential regulation of expression and even, in some cases,
antagonistic functions. A number of AREBPs that have been
indentiﬁed in other species have been given the name ABI5
or similar without clear evidence that they are more
closely related to Arabidopsis ABI5 than any of the other
Arabidopsis AREBPs. We will therefore refer to the wheat
AREBP simply as TaAREBP. The cDNA was subcloned
into pET28 to enable the protein to be expressed with a His
tag and the nucleotide sequence of the recombinant plasmid
was determined and checked to ensure that the TaAREBP
coding sequence was inserted in frame correctly. The size of
the expressed protein was conﬁrmed by SDS-PAGE and it
was puriﬁed on a nickel column (not shown).
SnRK1- and SnRK2-enriched fractions (Fig. 5, fractions
43 and 51, respectively) were used to phosphorylate HMG-
CoA reductase, a well-established substrate for SnRK1 and
SnRK2 (Ball et al., 1995; Barker et al., 1996), and the
recombinant TaAREBP transcription factor. The results
showed that SnRK1 from both control (Fig. 7A) and ABA-
treated roots (Fig. 7B) was able to phosphorylate HMG-
CoA reductase very efﬁciently, but phosphorylated the
TaAREBP protein poorly in comparison. In the presence
of Ca
2+, phosphorylation of the TaAREBP protein in-
creased, conﬁrming that a calcium-dependent protein kinase
in this fraction could phosphorylate TaAREBP. There was
no apparent increase in HMG-CoA reductase phosphoryla-
tion by this fraction with the addition of Ca
2+. With the
fraction containing the 42 kDa SnRK2, the phosphoryla-
tion of both substrates was greatly enhanced by the
presence of Ca
2+, indeed it was barely detectable in the
absence of Ca
2+, and TaAREBP phosphorylation was
Fig. 6. (A) Calcium-dependent activity peak recovered from a Mono Q column loaded with pooled fractions from a Sephacryl column
containing the activity assigned to 42 kDa SnRK2 (Fig. 5). Activity (left-hand y-axis; bars) was measured using AREBP2 as a substrate.
Salt concentration (right-hand y-axis) is also plotted (solid diagonal line). (B) Western blot analysis showing the presence of the 42 kDa
SnRK2 in the sample loaded onto the column and in the recovered fraction containing most of the activity (fraction 12).
Fig. 7. Phosphorylation of HMG-CoA reductase and TaAREBP by
wheat SnRKs. Activities assigned to SnRK1 and SnRK2 (Fig. 5,
fractions 43 and 51, respectively) from control roots (A) and 10 h
ABA-treated roots (B) were used to phosphorylate HMG-CoA
reductase (HMGR) and TaAREBP (AREBP) proteins in vitro in the
presence (+) or absence ( ) of 1 mM CaCl2. After incubation, the
proteins were separated using 4–12% gradient Novex NuPAGE
BIS-TRIS gels and transferred to PVDF membranes. Phosphopro-
teins were detected by autoradiography (top), while total protein
was detected by Coomassie staining of similar gels (bottom).
HMG-CoA reductase and TaAREBP are indicated with arrows.
920 | Coello et al.comparable with that of HMG-CoA reductase. In this
experiment, no clear effect of the ABA treatment was
evident.
Discussion
ABA regulates numerous adaptive responses in plants and
SnRK2s have been shown to be key components of the
ABA signalling pathway. SnRK1 and SnRK3 have also
been implicated in ABA signalling, although SnRK1
is better known as a regulator of carbon metabolism.
The initial aim of this study was to investigate further the
interaction between ABA and SnRK1 in wheat to increase
our understanding of how stress and ABA signalling path-
ways cross-talk with metabolic signalling pathways
(Halford and Hey, 2009; Hey et al., 2010). This has
implications for improving grain yield under suboptimal
conditions and for mitigating the effects of stress on grain
composition, processing properties, and the formation of
contaminants such as acrylamide in wheat products
(Muttucumaru et al., 2006; Curtis et al., 2009). As the study
progressed we also investigated a SnRK2 and obtained
evidence that it was calcium-dependent.
It has been demonstrated that application of ABA to
wheat roots brought about a dramatic decrease in SnRK1
protein. Phosphate starvation has been shown to cause
a similar reduction in one of the SnRK1 isoenzymes of
Arabidopsis, AKIN11 (Fragoso et al., 2009), while the other
SnRK1 isoenzyme of Arabidopsis, AKIN10, interacts with
the CUL4-DDB1-E3 ligase receptor, PRL1, leading to its
degradation through the proteosome (Lee et al., 2008). The
data therefore add to the evidence that protein turnover is an
important mechanism in the regulation of SnRK1 activity.
Although SnRK1 protein was dramatically reduced, the
amount of phosphorylated (and therefore presumably active)
SnRK1 remained constant. So why are SnRK1 levels reduced
while the amount of SnRK1 in the active state remains the
same; in other words why is the amount of inactive SnRK1
reduced in response to ABA? It is hypothesized that un-
stressed wheat roots have the capacity to increase SnRK1
activity many-fold through the phosphorylation of a large
pool of inactive SnRK1 enzyme. The stimulus that would
bring this about has not been identiﬁed but, given what is
known about SnRK1 function, it could involve carbon/
energy status. Activation would probably involve phosphor-
ylation by an upstream kinase, possibly SnAK1/2 (Hey et al.,
2007), and reduced activity of protein phosphatase PP2C,
which dephosphorylates and inactivates SnRK1 (Sugden
et al.,1 9 9 9 a). PP2C is now known to be inhibited in the
presence of ABA by binding of the PYR/PYL/RCAR ABA
receptor, resulting in the activation of SnRK2 (Cutler et al.,
2010; Nishimura et al.,2 0 1 0 ). In our model, an undesirable
increase in SnRK1 activity as a result of PP2C inhibition
would be avoided by the breakdown of the inactive SnRK1
pool. The fact that transgenic Arabidopsis plants over-
expressing SnRK1 have been shown to be ABA-hypersensitive
(Jossier et al.,2 0 0 9 ) is consistent with this model in that it
shows that a combination of ABA and ‘too much’ SnRK1
activity could have a deleterious effect on the plant.
The increase in AMARA peptide kinase activity in
response to ABA treatment and the evidence from other
studies that SnRK2 is an integral part of ABA signalling
prompted an investigation of SnRK2 in the ABA-treated
wheat roots. There are 10 SnRK2s in Arabidopsis and rice
and they are activated in response to environmental stresses
such as drought, salinity, and cold. Some, but not all, are
also regulated by ABA, indicating the presence of ABA-
dependent and -independent responses (Boudsocq et al.,
2004; Kobayashi et al., 2004). It is not yet clear how
redundant the different SnRK2s are, but, given the differ-
ential regulation by ABA, it may be expected that there are
some differences in function. The SnRK2 family of wheat
has not been characterized in detail. Using antibodies raised
against a conserved site in SnRK2s, at least three different
SnRK2 isoforms could be identiﬁed after separation by
SDS-PAGE, and it is possible that each ‘band’ was made up
of more than one individual SnRK2. One of these had an
estimated molecular mass of 38 kDa, whereas another had
an estimated molecular mass of 42 kDa; the 42 kDa SnRK2
became almost undetectable after 3 h of ABA treatment but
levels recovered after 6 and 10 h of treatment. It is possible
that one 42 kDa SnRK2 was reduced by ABA treatment
while another of the same size was increased.
Activation of SnRK2 involves phosphorylation of two
conserved serines in the activation loop (Vlad et al., 2010).
It was possible to detect the 42 kDa SnRK2 in the
phosphoprotein-enriched fraction of extracts from roots
that had been treated with ABA for 10 h, suggesting that
ABA brings about activation of this 42 kDa SnRK2. By
contrast, the 38 kDa protein was not detected in the
phosphoprotein fraction at all.
SnRK2s phosphorylate and activate transcription factors
of the AREBP family and regulation of an AREBP,
TaABF, by the SnRK2 PKABA1 has been suggested to be
important in regulating seed dormancy and germination in
wheat (Johnson et al., 2002). Arabidopsis SnRK1 has also
been shown to phosphorylate peptides (AREBP1 and 2)
with amino acid sequences based on putative phosphoryla-
tion sites in AREBPs (Zhang et al., 2008). In this study, it
was shown ﬁrst that peptide AREBP1 was phosphorylated
by a protein kinase or kinases in crude extracts from wheat
roots, but that this activity was not increased by ABA
treatment. Separation of SnRK1 and SnRK2 using a gel
ﬁltration column showed a peak of activity using the
AMARA peptide as a substrate (the AMARA peptide is an
excellent substrate for SnRK1 and 2; Sugden et al., 1999b;
Crawford et al.,2 0 0 1 ; Zhang et al., 2008) in high-molecular-
mass fractions (approximately 150 kDa) which could
correspond to SnRK1 complexes. This activity did not
change with ABA treatment. This SnRK1 activity was able
to phosphorylate both AREBP1 and AREBP2 but ‘pre-
ferred’ the AMARA peptide. By contrast, while lower-
molecular-mass fractions showed relatively little activity
either with or without ABA treatment, this activity showed
a preference for the AREBP peptides over AMARA, a clear
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activity in these fractions was puzzling until the effect of
adding Ca
2+ to the assay was investigated. There was an
increase in activity in the high-molecular-mass fractions
with the AREBP peptides as substrates; we tentatively
assign this activity to SnRK3. In contrast, the activity in
the lower-molecular-mass fractions increased dramatically
and western blot analysis showed that detection of the 42
kDa SnRK2 coincided with this activity peak. Note that the
increase in activity induced by Ca
2+ in this experiment was
considerably greater than that induced by ABA on its own.
The ability of these activities to phosphorylate recombi-
nant wheat AREBP (TaAREBP) was also tested using
HMG-CoA reductase, an established substrate for SnRK1
and SnRK2, as a control. The activity assigned to SnRK1
was able to phosphorylate HMG-CoA reductase in the
presence or absence of Ca
2+ in control or ABA-treated
roots, but it phosphorylated TaAREBP relatively poorly.
As with the AREBP peptides, a calcium-dependent activity
that phosphorylated recombinant TaAREBP was present in
the same high-molecular-mass fractions. The activity
assigned to the 42 kDa SnRK2 phosphorylated both
HMG-CoA reductase and TaAREBP in a calcium-dependent
manner and the phosphorylation increased in samples
treated with ABA.
This TaAREBP, which has previously been assigned the
name Wabi5-3, is induced in response to cold, drought, and
exogenous ABA application and its expression has been
shown to peak after 10 h of ABA treatment application,
coinciding with the time of higher SnRK2 activation. Its
coexpression with promoter-GUS constructs from cold-
responsive genes caused an increase in GUS activity for
some of the genes, suggesting that the TaAREBP was
responsible for their activation (Kobayashi et al., 2008). The
data from our study and these previous studies suggest that
expression of these genes is regulated by an ABA-induced,
calcium-dependent SnRK2 that phosphorylates TaAREBP.
The SnRK2 family of proteins have generally been
regarded as calcium-independent and activities assigned to
SnRK2 in cauliﬂower, spinach, barley, and Arabidopsis have
not increased with the addition of Ca
2+ (Ball et al.,1 9 9 4 ;
Barker et al., 1996;S u g d e net al., 1999b; Crawford et al.,
2001; Zhang et al., 2008). As a further check that the 42 kDa
SnRK2 in the wheat root extracts was responsible for the
calcium-dependent activity, another separation step was
undertaken, this time on a Mono Q column. Once again, the
42 kDa SnRK2 was detectable in the calcium-dependent
activity peak. We therefore consider the evidence that wheat
roots contain a 42 kDa calcium-dependent SnRK2 to be
compelling, but concede that, since this is based on coelution
of an activity and a protein, the possibility cannot entirely be
precluded that another protein kinase coeluted with the 42
kDa SnRK2. However, other well-known calcium-dependent
protein kinases, such as SnRK3, CDPKs, and CRKs, are all
signiﬁcantly larger than 42 kDa (Hrabak et al., 2003).
Furthermore, a protein kinase that was ampliﬁed from rice
endosperm cDNA and called rice endosperm kinase (REK)
has been shown to autophosphorylate in response to Ca
2+
(Hotta et al.,1 9 9 8 ). The authors of that study described REK
as a calcium-dependent protein kinase, but did recognize
a close similarity to SnRKs, particularly the wheat SnRK2
PKABA1 (Anderberg and Walker-Simmons, 1992;H o l o p p a
and Walker-Simmons, 1995; Gomez-Cadenas et al.,1 9 9 9 ) .
REK is, in fact, quite clearly a SnRK2, but the signiﬁcance of
this result has been overlooked. The authors suggested that
the acidic ‘patch’ (a short stretch of acidic amino acids) in the
C-terminal region of REK might bind Ca
2+ and Harmon
(2003) has also suggested that this region of SnRK2s might
have such a role and provide a mechanism for regulation.
In this study, the effect of ABA on the phosphorylation
state of the 42 kDa SnRK2 was clear, but the effect on its
activity was not so marked; indeed, Ca
2+ had a much
greater effect. The interaction of ABA, stress and in this
case Ca
2+ in regulating SnRK2 activity is clearly complex,
and the situation may be complicated further by subtle
differences in substrate preference for different SnRK2s. It
is notable that previous studies that have not detected
calcium-dependent SnRK2 activity have not used ABA-
treated tissues as a source. Although calcium dependence
has been demonstrated previously for REK, a protein
kinase that can now be identiﬁed as a SnRK2, this report is
the ﬁrst to state unequivocally that a SnRK2 may be
calcium-dependent.
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